One of the ABC transporter systems in Enterococcus faecalis V583 is encoded by the ef0176-ef0180 gene cluster, which differs from orthologous operons in related bacteria in that it contains two genes putatively encoding substrate-binding proteins (SBPs). These SBPs, EF0176 and EF0177, have previously been identified on the surface of E. faecalis. By phenotypic studies of single and double knockout mutants, we show here that EF0176 and EF0177 are specific for ribonucleosides and, by inference, that the EF0176-EF0180 ABC transporter plays a role in nucleoside uptake. The specificity of the SBPs was mapped using growth experiments on a medium, RPMI 1640, that only supports growth of E. faecalis when supplemented with purine nucleosides or their corresponding bases. This analysis was complemented by studies with toxic fluorinated pyrimidine ribonucleoside analogues and competition experiments. The data show that EF0176 and EF0177 have broad and overlapping, but not identical, substrate specificities and that they, together, are likely to bind and facilitate the transport of all common ribonucleosides. Comparative sequence analysis and inspection of an available crystal structure of an orthologue, PnrA from Treponema pallidum, showed that the strongest binding interactions between the protein and the ligand involve the ribose moiety and that sequence variation in the binding site primarily affects interactions with the base. This explains both the broad substrate specificity of these binding proteins and the observed variations therein. The presence of two SBPs in this nucleoside ABC transporter system in E. faecalis may improve the bacterium's ability to scavenge nucleosides.
INTRODUCTION
Enterococci are found in different environments such as food, soil and the gastrointestinal tract of humans. While enterococci normally are harmless and even beneficial for human health through probiotic effects, they are also opportunistic pathogens involved in nosocomial infections with high occurrence of antibiotic resistance (Lebreton et al., 2014) . Thus, it is of interest to study how these bacteria interact with their environment and to identify factors that potentially affect survival or could be targets for drug design.
Approximately 25 % of Enterococcus faecalis V583 proteins associated with the bacterial cell envelope are lipoproteins, and among these, many are putative components of ATP binding cassette (ABC) transporters. ABC transporters may have a wide variety of functions, including uptake of nutrients (e.g. sugars, peptides, polysaccharides, trace elements) and export of antibiotics or toxins (Biemans-Oldehinkel et al., 2006; Davidson et al., 2008; Garmory & Titball, 2004) . A classical ABC transporter typically comprises an extracellular solute/substrate-binding protein (SBP), an intracellular ATPase, and two integral membrane proteins (permeases) (Saier, 2000) , where the SBPs are thought to provide affinity and specificity. In Gram-negative bacteria, SBPs are soluble periplasmic proteins whereas in Gram-positive bacteria, lacking the outer membrane, the SBPs are often anchored to the cytoplasmic membrane by various mechanisms (BiemansOldehinkel et al., 2006) . Most ABC-type transporters exhibit a high specificity for one single substrate, or a group of related substrates (Lubelski et al., 2007) . E. faecalis ABC transporters are known to be involved in antibiotic resistance (Manson et al., 2004; Singh et al., 2002) , multidrug resistance (Davis et al., 2001; Lee et al., 2003) , amino acid uptake (Fulyani et al., 2013) and secretion of toxins and virulence factors (Gilmore et al., 1990; Low et al., 2003) .
In a recent study on the surface proteome of E. faecalis (Bøhle et al., 2011) 17 lipoproteins (of a predicted total of 74) were detected, among which were EF0176 and EF0177 that are putative SBPs of an ABC transporter encoded by the ef0176-ef0180 gene cluster (Fig. 1) . These genes are probably co-transcribed, since homologues from other bacteria comprise one operon (Deka et al., 2006; Webb & Hosie, 2006) . EF0176 and EF0177 encode proteins of 357 and 361 amino acids, respectively and share 72 % sequence identity. The proteins are homologous to PrnA from Treponema pallidum (Deka et al., 2006) , RsnB from Streptococcus mutans (Webb & Hosie, 2006) , BmpA from Lactococcus lactis (Martinussen et al., 2010) , YufN from Bacillus subtilis (Belitsky & Sonenshein, 2011) and SP0845 from Streptococcus pneumoniae (Bidossi et al., 2012) for which a role in nucleoside transport has been demonstrated or suggested (Fig. 1) . Nucleosides can be exploited as C-source, N-source, or precursors for nucleotides or nucleic acids (Kilstrup et al., 2005) . It is known that E. faecalis is prototrophic for purines and pyrimidines (Kilstrup et al., 2005; Murray et al., 1993) , but overall not much is known about nucleoside metabolism of E. faecalis.
Importantly, there is ample evidence for a connection between the ability to synthesize or take up nucleosides and bacterial virulence. For example, a pyrimidine biosynthesis operon of E. faecalis V583 (ef1721-ef1712) is upregulated during growth in the presence of chloramphenicol (Aakra et al., 2010) and differentially regulated in the presence of erythromycin (Aakra et al., 2005) . It has been shown that purine biosynthesis genes of uropathogenic Escherichia coli are important for growth of the bacterium in urine and for urovirulence in vivo, i.e. colonization of the bladder (Alteri & Mobley, 2012) . Nucleotide biosynthesis pathways are critical for growth of bacteria (E. coli, Salmonella typhimurium, Bacillus anthracis) in human blood, and the enzymes involved are considered as targets for development of new antibiotics (Samant et al., 2008) . Extracellular nucleotide metabolism is a well-known mediator of bacterial virulence (Firon et al., 2014) . Over 50 % of FDA-approved antiviral and anticancer drugs are nucleoside or nucleobase analogues, and the potential use of these drugs as antibiotics is receiving increasing attention (Sun & Wang, 2013) .
We have studied the role of the predicted ABC transporter EF0176-EF0180 of E. faecalis V583 by analysing the phenotypic consequences of deleting one or both of the putative SBP encoding genes, ef0176 and ef0177. To map the functionality of these genes, the WT strain and the mutants were characterized using the Biolog phenotypic microarray (Bochner et al., 2001) , substrate utilization studies using RPMI 1640, a medium that only supports exponential growth of E. faecalis upon addition of purines, and sensitivity assays with toxic fluororibonucleosides.
METHODS
Bacterial strains and standard growth conditions. Bacterial strains used in this study are listed in Table 1 . E. faecalis V583 was used as a parent strain for deletion mutant constructions, and as WT control in all assays. E. faecalis strains were grown, unless otherwise stated, at 37 uC without shaking in M17 medium (Oxoid)   cdd  ef017  ef017  ef017  ef017  ef018  deoC cdd  ef0176  ef0177  ef0178  ef0179  ef0180  deoC   cdd  10124  10125  10126  10127  10128  deoC   cdd  10041  10042  10043 Table 2 . Mutants carrying deletions were constructed using pAS222 as a cloning vector (Biswas et al., 1993; Jönsson et al., 2009) .
To delete approximately 80 % of the gene encoding the 37 kDa protein EF0177, a deletion fragment was constructed by splicing two PCR fragments amplified from the E. faecalis V583 chromosome. The two PCR fragments, about 1000 bp each and generated using primer pairs 177LF / 177LR, and 177RF / 177RR, contained the ends of the ef0177 gene as well as their upstream and downstream flanking regions, respectively. The fragments were fused by using SOE (splicing by overlapping extension) PCR (Horton et al., 1990) using primers 177LF and 177RR to create the final replacement fragment. The final PCR product was treated with BamHI, and ligated into BamHI digested pAS222 using an In fusion HD Cloning kit (Clontech Laboratories). This procedure yielded the plasmid pAS222_DEF0177, which was propagated in E. coli TOP10.
To delete approximately 70 % of the gene encoding the 35 kDa protein EF0176, two fragments of about 1000 bp each were amplified from the E. faecalis V583 genome using primer pairs 176LF / 176LR, and 176RF / 176RR. The fragments were annealed and spliced by PCR using primers 176LF and 176RR to create the final replacement fragment. The Def0176 fragment was digested with BamHI and NotI, and ligated into pAS222 pretreated with the same restriction enzymes, yielding pAS222_DEF0176, which was propagated in E. coli GeneHogs.
To construct a double knockout construct with most of the EF0176 and EF0177-encoding genes deleted, two fragments were amplified from the E. faecalis V583 genome using primer pairs 7677LF / 7677LR and 7677RF / 7677RR. The two fragments thus obtained were spliced by SOE-PCR using primers 7677LF / 7677RR to create the final replacement fragment. The construction of this fragment was such that it created a deletion with a total length of 2035 nt, comprising 992 downstream nucleotides of ef0176, the 53 nt intergenic region and the 990 upstream nucleotides of ef0177. The Def0176/0177 fragment was phosphorylated using poly nucleotide kinase (New England Biolabs) and ligated to pAS222 [previously cut with SnaBI Table 2 . Primers used in this study
7677LF GTGGCGCTTGTCGTCA
D176/177
7677LR TAAATAGCCGTCTGCTATTGCCGCCACA
7677RF GCGGCAATAGCAGACGGCTATTTAAACGACAA
7677RR ACCATCATATCGGCTAACTGT *Underlining indicates the position of restriction sites (BamHI: GGATCC and NotI: GCGGCCGC). Italics indicate primer tails needed for SOE-PCR.
and treated with alkaline phosphatase (Promega)].The resulting plasmid was propagated in E. coli GeneHogs. The sequences of all pAS222 deletion constructs were verified by DNA sequencing.
Electrocompetent E. faecalis V583 cells were prepared with 4 % to 6 % glycine in the growth medium and transformed with the pAS222 deletion plasmids as described by Holo & Nes (1989) . Selection for crossover events was done essentially as described by Biswas et al. (1993) , with some adaptations. E. faecalis transformants were obtained by plating on GM17 with tetracycline at 28 uC, and then grown at 37 uC (GM17, with tetracycline) to obtain integrants. Single crossover integration mutants obtained on plates with tetracycline at 37 uC were then grown in liquid medium without the antibiotic for 50-100 generations at 28 uC, to promote a second crossover event leading to plasmid excision and curing. Screening for tetracycline sensitivity was done by replica plating. Sensitive colonies were isolated and screened for the desired deletions by PCR. In the rest of this paper, the mutants are referred to as D177, D176 and D176/177.
Biolog phenotype microarray (PM) assay. To determine substrate utilization profiles, the E. faecalis V583 WT and the D176/177 double mutant were plated on GM17 soft agar, and shipped to Biolog for analysis. Growth measurements were performed using PM1-PM8 plates (http://www.biolog.com/pdf/pm_lit/PM1-PM10.pdf) using the standard procedures for E. faecalis (see www.biolog.com and e.g. Xue et al., 2011) . The best signal-to-noise ratio was obtained when using pH 5.5 and Biolog Dye H, and these conditions were used throughout. Growth data were collected from cultures incubated at 37 uC for 20 h.
Growth assays. All growth assays were performed in duplicate or triplicate, and the results presented are the mean values±SD. E. faecalis strains were grown in BHI at 37 uC overnight, and after being harvested and washed, the cells were resuspended in BHI broth (Oxoid) or RPMI 1640 medium with no added glutamine (R7509, Sigma-Aldrich), with a starting OD 600 of 0.15-0.2. Cells were incubated at 37 uC without agitation, and vortexed briefly before every OD 600 measurement. For the analysis of substrate utilization, strains were grown in RPMI 1640 supplemented with either 0.06 mM ribonucleosides (inosine, guanosine, adenosine, thymidine, cytidine and uridine; all from Sigma), 0.06 mM nucleobases (hypoxanthine, adenine, cytosine, uracil and thymine; all from Sigma) and/or 2 mM sugars (ribose and glucose; all from Sigma). For the sensitivity and competition assays, strains were grown overnight as described above, and resuspended in BHI broth (to a starting OD 600 of 0.15-0.2) containing 50 mg (i.e. approximately 0.2 mM) of the toxic ribonucleoside derivatives 5-fluorocytidine (5-FC) or 5-fluorouridine (5-FU) (both from Sigma) ml
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, in the absence or presence of 5 mM competing ribonucleosides.
RESULTS
Bioinformatic analysis Fig. 1 shows the organization of the E. faecalis V583 ef0176-ef0180 genes encoding a putative ABC transporter with two SBPs. The figure also shows selected orthologous gene clusters identified by BLAST searches. Gene clusters comprising four of the five genes in the ef0176-ef0180 cluster are commonly found in Gram-positive bacteria, including members of the generae Streptococcaceae, Enterococcaceae, Listeriaceae, Lactobacillaceae, Leuconostocaceae and Bacillaceae (Martinussen et al., 2010) . Unlike most homologous (putative) ABC transporters, the putative E. faecalis V583 ABC transporter has not one, but two predicted SBPs, EF0176 and EF0177 (Fig. 1) , sharing 72 % sequence identity. Using BLAST searches with the complete ef0176-ef0177 gene fragment, we identified this duplication to be present in six E. faecalis strains, including strains known as pathogenic and strains known as probiotic [E. faecalis V583 (Fig. 1 ), E. faecalis OG1RF (Fig. 1 ), E. faecalis 62, E. faecalis E32, E. faecalis Symbioflor and E. faecalis 7L76]. The sequence identity, at the DNA level, was in the order of 99 %. Other Enterococcus species, such as Enterococcus faecium DO (Fig. 1) , Enterococcus casseliflavus and Enterococcus hirae, and other Gram-positive bacteria only had one SBP in this otherwise conserved ABC transporter.
Initial screening of phenotypes
To identify possible roles of EF0176 and EF0177 the E. faecalis V583 WT strain and the D176/177 double knockout mutant strain were subjected to Biolog phenotypic microarray screening. Eight standard bacterial plates (PM1-PM8) were used, including more than 700 carbon, nitrogen, phosphorous and sulfur sources. While results obtained with plates PM3-8 were difficult to interpret due to high signalto-noise ratios (as is not uncommon for E. faecalis strains; Biolog, personal communication), the results of duplicate screening with plates PM1 and PM2 (carbon sources, including four nucleosides, but no nucleotides or nucleobases) clearly showed that the D176/177 strain had a reduced ability to utilize uridine, thymidine and inosine (Figs S1-S3; Table S1 ; available in the online Supplementary Material).
The mutant also showed reduced growth on the fourth nucleoside in the screen, adenosine, but the difference was below the applied threshold.
Substrate utilization studies
When grown in rich media (M17, BHI), the three E. faecalis mutants showed similar growth characteristics as the WT (data not shown). We therefore turned to a RPMI 1640 medium devoid of glutamine that is commonly used for culturing eukaryotic cells, but that does not sustain growth of E. faecalis very well (Fig. 2a) . Glutamine is not essential for E. faecalis as long as the bacterium has access to glutamate (Murray et al., 1993) , which is present in RPMI 1640. Since glutamine is a crucial precursor in purine biosynthesis and a central compound in nitrogen metabolism, we figured that this medium might be used to detect deficiencies in nucleoside transport, at least for purines.
Growth studies with RPMI 1640 showed that addition of single purine nucleosides (adenosine, inosine or guanosine) or the corresponding purine bases (adenine or hypoxanthine; guanine not tested) stimulated growth of WT E. faecalis ( Fig. 2b-d ; Table 3 ). The bases adenine and hypoxanthine also stimulated growth of the three mutants ( Table 3 ), indicating that EF0176 and EF0177 are not involved in the uptake of these compounds. The single mutants showed WT-like growth in media supplied with inosine, guanosine or adenosine, except for D176, which consistently showed impaired growth on adenosine. The double mutant, however, showed strongly impaired growth on adenosine and inosine, and also some growth retardation on guanosine. Taken together, these results suggest that EF0176 and EF0177 are involved in purine nucleoside utilization and that the two proteins have overlapping but not identical functions.
Growth of E. faecalis strains on RPMI 1640 was not stimulated by pyrimidine bases (cytosine, uracil or thymine) nor by pyrimidine nucleosides (cytidine, uridine or thymidine). Thus, the experimental set-up described above could not be used to assess involvement of EF0176 and EF0177 in transport of pyrimidine nucleosides.
Uptake of toxic fluoro-pyrimidines
Possible involvement of EF0176 and/or EF0177 in uptake of pyrimidine nucleosides was assessed by studying the effects of pyrimidine analogues 5-fluorocytidine (5-FC) and 5-fluorouridine (5-FU) on growth of WT and mutant strains on BHI. These nucleoside analogues become toxic to bacteria after uptake and subsequent conversion through salvage pathways, and are therefore useful for studying pyrimidine metabolism (Martinussen et al., 1994) . Fig. 3 (ac) shows that growth of the WT strain is inhibited by 5-FC and, to a somewhat larger extent, 5-FU. This demonstrates that these toxic pyrimidine analogues are taken up and metabolized. The double mutant strain was less susceptible to 5-FC (Fig. 3b) and 5-FU (Fig. 3c) than the WT strain, indicating that uptake of the pyrimidine nucleosides is impaired in the absence of both EF0716 and EF0177. Both single mutants (D176 and D177) showed WT-like sensitivity to 5-FU, indicating that EF0176 and EF0177 facilitate uptake of FU in a similar manner (Fig. 3b) . The D176 strain also showed a WT-like response to 5-FC (Fig. 3b) , whereas the D177 strain grew somewhat better than the WT (Fig. 3c) , indicating reduced uptake of 5-FC, albeit not as strongly reduced as in the double mutant. Taken together, the results suggest that both EF0176 and EF0177 are involved in uptake of pyrimidine nucleosides. The data indicate that both EF0176 and EF0177 interact with uridine and cytidine and that the two proteins may differ slightly when it comes to their interactions with cytidine.
To gain further insight into the specificity of EF0176 and EF0177 for pyrimidines, the effects of adding excess The OD 600 was determined every hour. Each curve corresponds to the mean of three independent experiments; the SD is indicated. An overview over growth on these and other compounds is provided in Table 3 .
amounts of various ribonucleosides (5 mM) on the toxicity of 5-FC and 5-FU (50 mg ml
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, i.e. approximately 0.2 mM) were assessed in competition experiments. If the protective effect of a ribonucleoside on a mutant would differ from the effect on the WT, this would show that EF0176 or EF0177 interacts with that ribonucleoside. The results of the competition experiments are summarized in Table 4 . For all strains, thymidine reduced the sensitivity to 5-FC and 5-FU, whereas the Biolog data (Figs S1-S3) show that at least one of the two SBPs transport thymidine. Thus, the protective effect of thymidine, which was only partial, is likely to be due to interactions with other transporters that transport 5-FC and 5-FU. Excess uridine reduced sensitivity in both single mutants, but not in the double mutant, showing that both EF0176 and EF0177 have specificity for uridine, as was to be expected since the sensitivity data show that (only) the double mutant has reduced sensitivity to 5-FU. The third pyrimidine, cytidine, showed better protection of WT and the D176 mutant compared to the D177 mutant. While this difference was very small, it is in accordance with the slight difference in affinity for cytidine suggested by the sensitivity data presented in Fig. 3(c) .
DISCUSSION
The EF0176 and EF0177 proteins caught our attention because they were detected as part of the surface proteome of E. faecalis V583 (Bøhle et al., 2011) and because their functions were not known. We also noted that the structure of the ef0176-ef0180 gene cluster differed from the structure of potentially orthologous gene clusters (Fig. 1) . Finally, we considered the potential role of these proteins in transport of nucleosides of interest because the ability to effectively scavenge such valuable compounds from the environment could provide the bacterium with a competitive advantage, e.g. in pathogen fitness (Jenkins et al., 2011; Samant et al., 2008) . Rigottier-Gois et al. (2011) have previously performed a large-scale screening of insertional mutants of E. faecalis V583 that included mutants with insertions in ef0176 and ef0177. The mutant library was subjected to several test conditions related to host adaptation, which showed no phenotypic effects for the ef0177 mutant, whereas the ef0176 mutant showed decreased growth under non-stress conditions, and increased sensitivity to serum independent opsonophagocytosis (RigottierGois et al., 2011). We created single and double deletion mutants of these two genes, and did not detect any growth defects on regular rich medium. As part of ongoing studies on the interplay between enterococci and human cells in our lab, we had been growing low density cultures of E. faecalis on RPMI 1640, a medium meant for growing eukaryotic cells and far from optimal for the bacteria. It turned out that E. faecalis V583 can grow well on RPMI 1640 if the medium is supplied with purine nucleosides or purine nucleobases, and this allowed us to demonstrate that both EF0176 and EF0177 are involved in the transport of purine nucleosides (Table 3 ). In the double mutant, growth on RPMI 1640 supplemented with adenosine or inosine is only marginally above background, suggesting that the EF0176-EF0180 ABC transporter system, with its two SBPs, EF0176 and EF0177, is the by far most dominant, if not the only, system dedicated to import of these two nucleosides in E. faecalis V583. The data indicate that alternative import routes exist for guanosine.
Since pyrimidines did not stimulate growth on RPMI 1640, the role of EF0176 and EF0177 in pyrimidine import needed to be addressed in a more indirect manner, using toxic uridine and cytidine variants (5-FU and 5-FC) and competition experiments. This approach showed that EF0176 and EF0177 also are capable of importing the pyrimidine nucleosides uridine and cytidine, whereas data for thymidine were non-conclusive (note that the Biolog data indicate that at least one of the two SBPs interacts with thymidine). The data for the pyrimidine nucleosides do not allow conclusions as to whether the EF0176-EF0180 ABC transporter system is the dominant or perhaps the only system dedicated to import of these compounds in E. faecalis V583.
Taken together, the data show that EF0176 and EF0177 both transport all common nucleosides. The data also indicate that the two proteins have minor differences in Table 3 . Schematic overview over growth phenotypes observed in substrate utilization assays E. faecalis WT and mutants were grown on RPMI 1640 medium supplemented with 0.06 mM nucleosides, 0.06 mM nucleobases and/ or 2 mM sugars. Background growth, as on RPMI with no additions, is scored as 22. Growth above background is scored as -(e.g. the double mutants in Fig. 2b, d ), ++ indicates 'maximum' growth (e.g. the WT in Fig. 2b-d) , and + indicates growth in between -and ++ (as observed in Fig. 2c, d for D176/177 and D176, respectively). functionality: EF0176 seems to be more important for import of adenosine than EF0177 (Fig. 2d) , whereas EF0177 seems to interact more strongly with cytidine than EF0176. Similar broad substrate profiles have been described for the few orthologues ( Fig. 1 ) for which such substrate profiles have been tested, either by in vitro binding studies with the recombinantly produced protein (PnrA; Deka et al., 2006) or by studying transport directly (RnsB; Webb & Hosie, 
Strain
*Growth curves are shown in Fig. 3 . Scoring: ++, as sensitive as WT; +, less sensitive than WT. DCompetition experiments; see text for details. dWe observed a statistically non-significant difference between D176 and D177 in terms of the effect of 5-FC and the protective effect of C; see text for details.
2006) or by using strategies similar to the ones used here (BmpA; Martinussen et al., 2010) .
The growth rate of bacteria often correlates with the rate at which they can generate GMP and AMP pools (Hedstrom, 2009) , hence purine availability may have a direct effect on bacterial growth. Studies with minimal media have shown that purines and pyrimidines are not essential for growth of E. faecalis (Murray et al., 1993) , but recent data show that addition of purines can stimulate growth of some strains (Khan et al., 2013) . Maximizing the ability to scavenge purines from the environment could thus be an important determinant of bacterial fitness and even pathogenicity. It is conceivable that the presence of two SBPs in the purine importing ABC transporter of E. faecalis V583 endows this bacterium with a competitive advantage. Having two SBPs could be beneficial by broadening the substrate specificity of the system or by simply increasing the total number of available nucleoside binding sites. Further work is needed to study the biological significance of the duplication of the SBPs in E. faecalis V583, e.g. in infection models.
ABC-type nucleoside transporter systems in bacteria were only discovered in 2006, when the structure and binding properties of PnrA from Treponema pallidum were described (Deka et al., 2006; Webb & Hosie, 2006) . Binding studies, using isothermal titration calorimetry, showed that PnrA binds to purines with higher affinity than pyrimidines. The structure of PnrA provides insight into the structural basis of the broad substrate specificities of SBPs. Fig. 4 shows interactions between PnrA and bound inosine whereas Fig. 5 shows an annotated sequence alignment of PnrA with EF0176 and EF0177 and other orthologues that are included in Fig. 1 . Interactions with the ribose moiety include several strong hydrogen bonds involving fully conserved residues (Asp108, Asp238 and Lys260 in PnrA). Also, residues sterically contributing to shaping the ribose binding pocket are fully (Phe 161 in PnrA) or functionally (Met158 in PnrA) conserved. Binding of the base is mediated in part by aromatic stacking between two fully conserved phenylalanines (Phe36 and Phe186 in PnrA) and the conjugated double bond systems in the base. This type of interactions is less specific than hydrogen bonds. In addition, the base has two direct hydrogen bonds involving a fully conserved (Asp27 in PnrA) and a functionally conserved (Asn37 in PnrA and all orthologues except SP0845 which has Asp) residue. Other residues involved in base binding, mainly via water-mediated hydrogen bonds, are Asp33, Ser28, Ser187 and Gly212, the latter Deka et al., 2006) . The picture shows inosine and the side chains of all residues that directly interact with the nucleoside, or are involved in water mediated hydrogen bonds to the nucleoside and/or seem crucial for shaping the binding site. Backbone atoms are only shown in cases where they are relevant for interactions with the ligand (Gly212). Water molecules are indicated by red spheres and hydrogen bonds are drawn as dashed lines. Carbons appear in green (protein), pink (protein) and yellow (inosine); other colours: red, oxygen; blue, nitrogen; gold, sulphur. Residues with green carbons are primarily involved in interactions with the ribose moiety; residues with pink carbons are primarily involved in interactions with the base moiety. Slightly darker colours are used for the three residues that are not fully conserved and for which structural inspection indicated that the variation could affect the affinity for certain nucleosides (Gly212, Ser28, Ser187; see alignment in Fig. 5 and text for more details). three of which show sequence variation that could affect binding specificity (Fig. 5) . Thus, the ribose moiety interacts very tightly, using 'precise interactions' (i.e. direct hydrogen bonds) and involving fully conserved residues, whereas the base interacts through less specific interactions (aromatic stacking) and more indirect hydrogen bonds involving less conserved residues. A dominating role of interactions with ribose may explain the broadness of the binding specificity. Interestingly, the O2 of the ribose is heavily involved in binding interactions, interacting strongly with fully conserved Asp108 and Lys260. So, one might expect some differences in affinity between ribonucleosides and deoxyribonucleosides, as indeed has been suggested for PnrA (Deka et al., 2006) .
EF0176 and EF0177 differ in that Gly212 (PnrA numbering) in EF0177 is an alanine in EF0176. It remains to be seen whether this difference accounts for the difference in substrate specificity. Generally, further studies to address functional differences between EF0176 and EF0177 and their biological implications would be of interest. Fig. 1 . The alignment was generated using CLUSTAL Omega (Sievers et al., 2011) using the sequences without their signal peptides. Fully, highly and less conserved residues are indicated by an asterisk, a colon and a dot placed under the sequences, respectively. Residues interacting with the nucleoside (as shown in Fig. 4 ) are coloured blue for residues interacting with the ribose moiety and red for residues interacting with the base moiety. Gly212 has a potentially mixed role and is coloured purple. Interacting residues that vary in a manner that most likely affects ligand specificity are placed in a shaded box. Interacting residues that vary in a manner that most likely does not affect interactions with the ligand are Asn37 and Met158 (in PnrA). See text for more details.
